Quasibound States and Evidence for a Spin 1 Kondo Effect in Asymmetric Quantum 

Point Contacts 
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Linear conductance below 2e 2 /h shows resonance peaks in highly asymmetric quantum point 
contacts (QPCs). As the channel length increases, the number of peaks also increases. At the same 
time, differential conductance exhibits zero bias anomalies (ZBAs) in correspondence with every 
other peak in the linear conductance. This even odd effect, observable in the longer channels, is 
consistent with the formation of quasi-localized states within the QPC. In rare cases, triple peaks 
are observed, indicating the formation of a spin one Kondo effect when the electron filling number 
is even. Changing the gate voltage tunes this spin triplet to a singlet which exhibits no ZBA. The 
triple-peak provides the first evidence suggestive of a spin singlet triplet transition in a QPC, and 
the presence of a ferromagnetic spin interaction between electrons. 
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The conductance of a quantum point contact(QPC), 
a quasi one dimensional quantum wire, is quantized in 
units of Go = 2e 2 /h^ This can be understood within 
a single particle picture: the density of states cancels 
the velocity yielding a unit conductance of Go for each 
subband, with the inclusion of spins. Thus, the total 
conductance only depends on the number of occupied 
subbands. However, an additional bump near 0.7Go has 
drawn much attention as an indication of nontrivial inter- 
action physics 3 . Among the many theoretical proposals 4 , 
a possible explanation for this 0.7 effect is the formation 
of a quasi-bound state due either to correlation effects^— 
or to a momentum mismatchiS In a previous paper—, we 
presented evidence for quasibound states in QPCs with 
a highly asymmetric geometry, e.g. observation of sharp 
resonances and destruction of the lowest Go plateau, as 
well as non-Fermi-liquid temperature evolution of reso- 
nance peaks below Go- Here we report a systematic study 
on the channel length dependence for several of these un- 
usual features. 

We will first demonstrate that the number of con- 
ductance resonances increases with an increase in the 
channel length. This behavior has long been predicted 
based on quasibound-states formation ) 10 ' 11 but yet to 
be observed experimentally. In a traditional symmet- 
ric QPC, the adiabatic potential profile reduces momen- 
tum mismatch, minimizing the back-scattering necessary 
for the formation of the quasibound states^ 2 -. Even with 
lithographically sharp split gates, the profile can still be 
smooth due to screening from the long range Coulomb 
interaction. Our asymmetric QPCs are apparently less 
adiabatic, leading to an enhancement of the probability 
for electrons bouncing back and forth from reflections at 
the entrance and exit of the QPC. Such reflections then 
give rise to the quasibound states and conductance reso- 
nances. In addition to the linear conductance, the differ- 
ential conductance (dl/dV) was systematically studied. 
The zero bias anomaly (ZBA) in the dl/dV can be corre- 
lated to the linear conductance peaks. In most cases for 



longer channels > 500tito, the ZBA is observed for every 
other linear conductance peak, reminiscent of the even- 
odd Kondo effect in quantum dots ; 13 ' 14 Thus, each suc- 
cessive linear conductance peak corresponds to adding an 
electron into the quasibound states. However, when the 
filling number is even, some dl/dV curves exhibit triple 
peaks near zero bias. This suggests the formation of a 
spin 1 (triplet) Kondo state instead of a spin (singlet) 
state. This spin 1 Kondo may arise due to the presence 
of a ferromagnetic electron spin coupling. ? By tuning the 
gate voltage, t was possible to remove the triple-peak 
and cause a transition to a singlet state. Tuning further 
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FIG. 1. (Color online) (a), (b) SEM images of two QPCs 
which have lOOnm and 500nm channel lengths, respectively, 
(c) Conductance of a QPC with a 500nm long channel and 
300nm gap. V wa u is — 0.86V for the leftmost curve(black) 
and —1.841/ for the rightmost (red), and (d) conductance 
for a QPC with a lOOOnm long channel and 300nm gap. 
V wa ii = -0.58V for the leftmost (black) and -1.46V for the 
rightmost (black). The temperature is 4.2 K. 
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FIG. 2. (Color online) (a)-(d) conductance of 100, 300, 500, and 1000 nm channel length QPCs with 300nm gap. Correspond- 
ingly, the leftmost curve has V wa ii = —0.91,-0.71,-0.59 and — 0.59V while the rightmost V wa ii = —1.47,-1.83,-1.56 and 
— 1.23V. Number of peaks below Go vs. channel length: (e) for 300nm gap, and (f) mean number for 250 nm and 300 nm gap. 



to an odd filling by adding or removing an electron, a 
single-peak ZBA emerges instead. 

Two set of samples, with split-gate gaps of 300nm 
and 250nm, were fabricated by electron bem lithogra- 
phy, evaporation of the Cr/Au surface gates, and lift-off. 
For each set of a fixed gap, channel lengths varying from 
IOOtito to ~ IOOOtito were defined within a 50fim x 50fim 
area of a single chip. In the GaAs/AlGaAs heterostruc- 
ture crystal, the two dimensional electron gas (2DEG) is 
located 80nm below the surface. The carrier density and 
mobility are 3.8 x 10 11 cm -2 and 9 x 10 5 cm 2 /Vs, respec- 
tively, giving an electron mean-free-path ~ 9fim. An 
excitation voltage V ac = 10fiV with frequency 17.3Hz 
was applied across the QPC, and the current was mea- 
sured in a PARI 24 A lock- in amplifier after conversion to 
a voltage using an Ithaco 1201 current preamplifier. 

Fig.l(a)(b) show typical gate geometries of our QPCs. 
Unlike conventional QPCs which have two symmetric fin- 
ger split-gates, we replace one finger with a relatively 
long wall to introduce asymmetry. The width of the fin- 
ger gate defines the lithographic channel length, and the 
gap is the separation between the wall and finger. By ap- 
plying negative voltages to the wall and finger gates, the 
2DEG is depleted underneath, forming the QPC. Each 
conductance trace was measured by fixing the wall volt- 
age (V wa u) while sweeping the finger voltage {Vf inger ). 
Figs. 1(c) and (d) show conductance traces at 4.2 K for 
the 500nm and lOOOnm channels with a 300 nm gap. 
Different traces correspond to different fixed V wa ii- At 
this relatively high temperature, the quantized plateaus 
are already well-defined, indicating that the transport is 
ballistic. For both devices, as V wa ii is decreased in steps 
from the left traces to the right, the 1 x Go plateau disap- 
pears and then reappears at more negative V wa ii values 
toward the right. Our previous work^ reported this sup- 
pression of Go plateau for lOOnm channel length down to 
300 mK. Here we find that it is also observable in longer 



channels. Intriguingly, below Go, there is a strong bump 
series near 0.5Go at this high temperature. However, this 
0.5Go series was only present in these two QPCs, indi- 
cating it is sensitive to the gate parameters and precise 
channel shape. 

At the lower temperature of ~ SOQmK, the curves de- 
velop many oscillations. For clarity, in Figs. 2(a)-(d) we 
present ~ 1/8 of the curves measured for the 300nm gap 
QPC set. The 250nm gap QPCs exhibit similar reso- 
nances. Note that as the length increases, the number of 
peaks below the first plateau appears to increase, while 
at the same time, the typical peak width narrows. More- 
over, the spacing between peaks near close to threshold is 
consistent with the Coulomb charging energy estimates 
from the channel capacitance to the surroundings. Over- 
all, thermal cycling laterally shifts the curves and changes 
the details, but the main behavior remains consistent. 
At 300mK, the suppression of the 1 x Go first plateau is 
clearly seen in (a)(c), but weaker in (b). For each chan- 
nel length we tabulate the number of peaks below Go for 
each of the ~ 50 curves, and present the statistics in Fig. 
2(e) (f). In (e) each (black) square point represents the 
mean number of peaks for a given channel length in the 
300nm gap set. (Blue) triangles and (red) circles repre- 
sent the maximum and minimum number, respectively. 
In (f), the mean numbers for both 300nro and 250nm 
gap are plotted. 

The resonances versus channel length, reflected both 
in the raw traces and the statistics in Fig. 2, clearly 
demonstrate that the number of resonances increases 
with, and is approximately proportional to the length. 
This behavior contrasts with symmetric QPCs as long 
as 2/im in length, which show no resonance at allJ£ 
The conductance peaks can be motivated within a single- 
particle picture, neglecting interaction, as resulting from 
quasibound states. When scanning Vfi nger7 the relative 
Fermi level within the first subband, defined as the dis- 
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FIG. 3. (Color online)(a) dl/dV for 300nm channel, 300nm gap with fixed V wa a ~ — 1.51V while sweeping V,j KS (X axis) and 
V finger (different color), (b) is a plot the center(linear conductance) of (a) as a function of Vfingcr- (c),(d) dl/dV 500nm channel, 
250nm gap. Star points have ZBA and circular points have no ZBA (e),(f) dl/dV for 500nm channel, 300nm gap. Go and \Gq 
are labeled as horizontal doted lines for all plots. See text for details regarding the arrows. The temperature is 300mK . 



tance from the first subband level to the chemical poten- 
tial, changes, along with the Fermi wavelength. In the 
simplest scenario, when the Fermi wavelength satisfies 
N ■ -| = L, where N is a positive integer and L is the 
channel length, a tunneling resonance(quasibound state) 
will form. Longer channels have quasibound states more 
dense in energy, so more conductance resonances are ob- 
served. This simple single particle picture, proposed two 
decades ago, is based on momentum mismatch (or match- 
ing) at the channel entrance and exit. 

Recently Song and Ahn included electron interactions 
and further argued that even with quite smooth potential 
profile, there can still be a momentum mishmatch and 
the formation of quasibound states. 8 Intriguingly, simi- 
lar reproducible resonance features was observed by Senz 
et al. in almost the same gate geometry as oursi^, in a 
QPC defined by surface oxidation. They did not perform 
a systematic study, however, and was thus unable to sep- 
arate out the effects of geometry induced non-adiabatic 
from those of donor impurities. 

The number of resonances and peaks, in principle, 
should correspond to the number of electrons within the 
channel. This is only roughly obeyed in our QPCs, de- 
spite the approximate proportionality of the number of 
resonances to the channel length. The precise reason for 
this lack of exact correspondence is not known at the 
moment, although a similar situation is also encounter 
in Ref. [13]. One likely cause is that the observability of 
resonances depends on having a strong reflection at both 
ends of the channel. The difficulty in observing reso- 
nances in the symmetric geometry seems to indicate the 
self-consistent potential can be significantly smoothed by 
the screening effect of the long-range Coulomb interac- 
tion. The same trend may be expect even in the asym- 
metric case. Therefore, it is quite possible that even with 
the asymmetric geometry, many electrons are added, but 



fail to produce a corresponding resonance, particularly 
close to the quantized plateau. 

Aside asymmetry, unevenly distributed donors can 
generate a random potential profile, causing backscat- 
tering and conductance peaks, as well as the degrada- 
tion of the quantization on the plateausJ^ In our case, 
degradation of plateau quantization is not observed. All 
the QPCs show well-defined quantized plateaus at 4.2K. 
Even at 300mK, the plateaus are very clearly present, 
albeit with resonance oscillations superimposed. In ad- 
dition to randomness, imperfect lithography may leave 
small bumps on the gates which also can cause electron 
backstactering. For short channels (100 or 300tito), this 
is highly unlikely, since they are too short for bumps 
be present; bumps have typical dimensions of 20-50 nm 
length-wise, and every ~ 300nm (based on SEM imag- 
ing). For the longer channels, the presence of randomly 
located small bumps will lead to quantum dots of varying 
sizes, giving conductance peaks of random characteristics 
and spacings. In our data, the peak positions tend to be 
quite periodic for all the longer channels. Therefore, gate 
imperfection should not have a dominant effect. In the 
end, the source of the reflections is not important. As 
long as electrons are able to bounce back and forth be- 
tween two well-defined positions, regularly spaced quasi- 
bound states should form. The evenly spaced peaks in 
V finger means that the energy of quasibound states are 
evenly spaced, since AVfi nger is roughly proportional to 
AEf. An even spacing in AEf also indicates that elec- 
tron interaction cannot be neglected; within the single 
electron picture, peaks occur periodic in momentum, not 
in energy. 

In Fig. 3, we present the nonlinear conductance 
(dl/dV) as a function of source-drain bias Vbias- For 
each QPC, only half of the curves are presented for clar- 
ity. Panel (a) shows the typical behavior in a short 
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channel QPCs (lOOnm, 300nm). V wa ii is held hxed and 
y finger is increased in steps (bottom to top trace) . Each 
curves is for a different V finger , shown with different col- 
ors online. Vbias ranges from —2.1mV to 2.lmV. In 
panel (b), the center cut of (a), equivalent to the zero- 
bias linear conductance, is represented a symbol of the 
same color, are plotted versus Vfinger on the horizontal 
axis. The black line which connects all symbols, including 
those not shown, gives the zero-bias linear conductance 
at the fixed V wa u versus Vfinger ■ This linear conductance 
curve is consistent with the corresponding curve in Fig. 2 
measured separately. Consistency between upward and 
downward scanning of Vuas enable to rule out spurious 
signals. 

Zero bias peaks (ZBPs) in QPCs, associated with the 
zero bias anomaly (ZBA), is a nonlinear conductance 
peak near zero bias discovered by Cronenwett et al.— . In 
their work, the temperature evolution of ZBA could be 
fitted to the universal Kondo formula which in a manner 
analogous to the Kondo effect in semiconductor quantum 
dots . 13 ' 14 Their occurrence thus also points to the quasi- 
localized state formation within the QPC channel, since 
the Anderson model permits the presence of a localized 
magnetic impurity, leading to the Kondo effect. As for 
our data in Fig. 3(a), we can see the ZBA begins at the 
(red) curve (arrow 1 in (b)), and continues all the way 
up to the first plateau(arrow 3 in (b)). The amplitude 
of ZBA has a minimum at the second valley in (b) (ar- 
row 2). Three other short channel QPCs show similar 
features: ZBAs across a wide range. 

In a quantum dot, ZBP is observed when the number 
of electrons inside the dot is odd, for which the total spin 
or magnetic moment is nonzero. In most cases, there will 
be no ZBPs for even filling number. 13 This so called even 
odd effect is nearly obeyed in our long asymmetric QPCs. 
Figs. 3(c) and (d) present typical data for a long channel 
QPC. In (c), the dotted lines are curves without ZBA 
while the solid lines are curves with ZBA. This ZBA and 
non-ZBA alternation is also differentiated in (d) using 
different symbols (star or circular). 

A QPC is normally thought of as an open system, 
which implies electron filling number of the channel 
should not be a precise, good quantum number. The 
even-odd effect occurs in a confined system, e.g. quantum 
dots. The formation of quasi bound-states, indicated by 
the sharp resonances near threshold and at intermediate 
conductance (~ 0.5 Go), renders the electron filling num- 
ber to be a quasi-good quantum number. This makes an 
even-odd effect possible. As in a quantum dot, our ZBA 
does not strictly follow the even-odd law. Sometimes it 
can be appeared to be even-odd-odd or even-even-odd. 
Near threshold, such behavior can result from the small 
electron tunneling rate to the leads (r). A small T sup- 
presses the Kondo temperature exponentially, rendering 
the ZBA unobservable. On the other end, near the 1 x Go 
plateau, the channel is quite opened (almost an open sys- 
tem), and it becomes meaningless to define filling num- 
ber. This near even-odd effect is, observable in the longer 



channels (500nm, 700nm and lOOOnm). In contrast, for 
the short channels which exhibit only one or two peaks 
in the linear conductance below Go, ZBAs are almost ev- 
erywhere (Fig. 3(a)) beyond the threshold region. This 
behavior is similar to what that reported in other works 
in somewhat longer channels i 1 ^— This behavior is diffi- 
cult to understand, unless spin states with S > 1/2 can 
occur4 

One feature in Fig. 3(e) is particularly interesting. A 
(blue) dl/dV curve in of intermediate conductance shows 
triple peaks near zero bias. Following the linear conduc- 
tance in (f) and cross referencing with (e), The (black 
colored) curve or dot, labeled by arrow 5, shows a sin- 
gle ZBP which suggests an odd filling number and a spin 
1/2 state. Going past the peak in the linear conduc- 
tance, the curve (red, arrow 6) shows no ZBA but with 
two big bumps on the sides, which suggests one elec- 
tron has popped out and now the filling number is even. 
The next curve (blue, arrow 7) has triple peaks which 
is unusual as the filling number is still even. Going fur- 
ther, the curve (green, arrow 8) which sits on a small 
linear conductance bump, has a ZBA suggests the fill- 
ing number is now odd again. The (black and green) 
curves (arrows 5 and 8) have odd filling number with 
ordinary ZBAs. In between where the filling is even, 
curves with a triple-peak ZBA transition into those with 
no-ZBA but with a double-side-peak. We ascribe this 
to a spin triplet-to-singlet transition. Changing Vfinger 
tunes the level spacing AEi eve i and also ferromagnetic 
the electron exchange energy (E exc hange- For the curve 
at arrow 6 (red), AE level > E exchange ; the groundstate 
is a spin singlet and the two electrons will occupy the 
same orbital level. In this situation, there should be no 
ZBP, and the two-side bumps correspond to an excita- 
tion into the triplet when e\V dc \ = AE leve i - E exchange . 
For the curve at arrow 7 (blue), ferromagnetic coupling 
dominates: AEi eve i < E exc h ange . The ground-state is a 
spin triplet, and the two electrons will occupy two dif- 
ferent orbital levels with total spin equals to 1. Here, 
the triple-peak in dl/dV will have a center ZBP due to a 
partial Kondo screening of the S = 1 spin, while the two 
side peaks correspond to a triplet-to-singlet excitation oc- 
curring via a second-order process. Singlet-triplet transi- 
tion has been observed in semiconductor quantum dots 21 , 
and in Geo molecular quantum dots^ 2 -, but not as yet in 
QPCs. Recently, Song and Ahn- argued that momen- 
tum mismatch can give rise to quasibound states, when 
Coulomb interaction is taken into account. Furthermore, 
electrons can have ferromagnetic exchange coupling and 
obeys Hund's rule while filling the quasibound states. 
Originally intended to explain the 0.7 effect, it now ap- 
pears that their calculations also provide a qualitative 
underpinning to our results. 

Our observation of a linear scaling of the number of res- 
onances/oscillations with the channel length in asymmet- 
ric QPCs, in conjunction with the ubiquitous occurrence 
of ZBAs in the dl/dV, provide evidence for the existence 
of quasi-bound states. These quasi-bound states form 
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as a result of reflections from two well-defined positions, 
mostly likely at the channel entrance and exit. Long 
channels tend to show an even-odd effect in the ZBA. 
In rare cases, a transition between singlet and triplet 
Kondo behavior, consistent with the singlet-triplet quan- 



tum phase transition, can be achieved. 
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